The role played by dendritic cells (DCs) in
immunological dysfunction of T cells [3, 4] , NK cells [5, 6] , and macrophages [7] [8] [9] . The role played by dendritic cells (DCs) in leishmaniasis is poorly understood. We have previously reported the modulation of splenic DC function during murine visceral leishmaniasis [10] . L. donovani infection in mice has also been associated with the loss of follicular DCs and germinal-center B cells [11] . Additionally, DCs, but not macrophages, have been shown to produce interleukin (IL)-12 immediately after L. donovani infection in BALB/c mice [12] . Some studies have suggested that DCs can be efficiently infected by both the promastigote and amastigote forms of Leishmania parasites [13] [14] [15] [16] [17] [18] , whereas the infectivity of DCs by promastigotes has been questioned by other investigators [19] . Here, we analyzed the in vitro infectivity of human myeloid DCs by L. donovani amastigotes and metacyclic promastigotes and the consequences of such infection with respect to Th cell differentiation.
MATERIALS AND METHODS

Reagents and antibodies.
Complete RPMI medium consisted of RPMI 1640, 1% l-glutamine, 1% penicillin/streptomycin, 1% essential amino acids, and 10% heat-inactivated fetal calf serum (FCS) (all from Life Technologies). Recombinant human granulocyte-macrophage colony-stimulating factor (rhGM-CSF), recombinant human interferon (IFN)-g, and recombinant human IL-4 (rhIL-4) were from R&D Systems. TRIzol was from Life Technologies. Brefeldin A and fluorescein isothiocyanate (FITC) were from Sigma-Aldrich. [ 3 H]-thymidine was from New England Nuclear. Fluorescence-activated cell sorter permeabilizing solution and monoclonal antibodies (MAbs) to DC-SIGN, CD40, CD54, CD80, CD83, CD86, HLA-ABC, HLA-DR, CCR7, IFN-g, CD40, CD3, and CD28 were from BD Biosciences. Rabbit polyclonal antibody to RelB and MAbs to GATA-3 and T-bet were from Santa Cruz Biotechnology.
DC generation and in vitro infection with L. donovani. The virulent L. donovani strains AG83 and SL94 were originally obtained from Indian patients with kala-azar [20, 21] and maintained in golden hamsters. Promastigotes were obtained by transforming amastigotes from the spleens of infected hamsters and were maintained in vitro in Media 199 (Life Technologies) supplemented with 10% FCS. Metacyclic promastigotes were purified from stationary-phase cultures [22] , and amastigotes were purified from the spleens of infected hamsters [20] , by density-gradient centrifugation. DCs were generated from plastic-adherent peripheral-blood mononuclear cells (PBMCs) from healthy donors and from PBMCs from patients with kala-azar by culturing the cells in complete RPMI medium containing rhGM-CSF and rhIL-4 for 5 days, as described elsewhere [23] . Peripheral-blood samples were collected from healthy donors living in Kolkata and from 2 patients with kala-azar who were admitted to the School of Tropical Medicine in Kolkata before they had received any treatment. Kala-azar was diagnosed after careful clinical examination and was confirmed by the demonstration of amastigotes in the spleen and in bone-marrow aspirates [24] . The present study was approved by the Human Ethics Committee of the Indian Institute of Chemical Biology. Consent for blood sampling was obtained from the patients and the healthy donors.
Amastigotes and promastigotes were incubated with in vitrogenerated DCs at varying MOIs for 18 h; free parasites were removed by light centrifugation and then Giemsa stained, to quantitate intracellular parasite load [25] . In parallel experiments, both promastigotes and amastigotes were opsonized with 5% normal human serum by incubation for 30 min at 37ЊC before infection [16] .
Flow cytometry. Flow cytometry was performed to discriminate surface-attached parasites from internalized ones, by a quenching technique [26] ; to analyze surface phenotypes [23, 25] in untreated and parasite-treated DCs; to quantitate secreted cytokines, by cytometric bead array (CBA) assay (kits from BD Biosciences); and to evaluate intracellular IFN-g, Tbet, and GATA-3 expression in CD4 + T cells from patients with kala-azar. L. donovani promastigotes and amastigotes were labeled with FITC, as described elsewhere [27] . The FITC-labeled parasites were incubated with DCs for 18 h at 37ЊC, followed by analysis in a flow cytometer (BD LSR; BD Biosciences) both before the addition of 0.1 mg/mL crystal violet and just after. The viability of the FITC-labeled promastigotes and amastigotes was determined by MTT assay [28, 29] .
T cell subset isolation. Nonadherent PBMCs from the healthy donors and the patients with kala-azar were first depleted of B cells, NK cells, and contaminating monocytes by incubation with microbead-coupled anti-CD19, anti-CD56, and anti-CD14 MAbs, followed by magnetic separation. CD4 
CD45RO
Ϫ T cells at varying DC:T cell ratios for 6 days. Proliferation was determined by the addition of 0.5-mCi [ 3 H]-thymidine during the last 16 h of the culture period and subsequent measurement of incorporated radioactivity. Cultures containing T cells only (without DCs) were included as negative controls. In parallel experiments, T cells were harvested and restimulated in anti-CD3 MAb-and anti-CD28 MAb-coated (5 and 1 mg/mL, respectively) 96-well plates for 24 h, for cytokine-secretion analysis by CBA assay or ELISA (kits from R&D Systems).
In selected experiments, DCs were generated from plasticadherent PBMCs from the patients with kala-azar by culture in the presence of rhGM-CSF and rhIL-4. In vitro-generated DCs from the patients with kala-azar either were left untreated or were treated with promastigotes or amastigotes (DC:parasite ratio of 1:10; 48-h incubation period) and cocultured with autologous CD4 + T cells, either for 18 h (for intracellular singlecell IFN-g analysis) or for 72 h (for flow-cytometric analysis of T-bet and GATA-3 expression).
Semiquantitative reverse-transcription polymerase chain reaction (RT-PCR). Total RNA was isolated using the RNAextraction reagent TRIzol. The SuperScript 1-step RT-PCR kit (Life Technologies) was used for RT of mRNA into DNA and for PCR with 500 ng of total RNA, as described elsewhere [23] . 
, and 2 mg/mL each aprotinin, leupeptin, and pepstatin) and incubated for 15 min on ice. Nonidet P40 was then added at a final concentration of 0.6% (vol/vol), and the cell lysate was centrifuged at 10,000 g for 5 min at 4ЊC. The supernatant was collected as the cytosolic fraction, and the pellet was suspended in 30 mL of cold nuclear-extraction buffer (20 mmol/L HEPES [pH 7.9], 400 mmol/L NaCl, 1.5 mmol/L MgCl 2 , 1 mmol/L EDTA, 1 mmol/ L EGTA, 1 mmol/L DTT, 1 mmol/L PMSF, and 2 mg/mL each aprotinin, leupeptin, and pepstatin) for 15 min on ice with intermittent mixing. It was then centrifuged at 12,000 g for 5 min, and the supernatant was collected as the nuclear fraction. The protein concentrations of the nuclear and cytosolic extracts were estimated by the Bradford method, and they were stored at Ϫ70ЊC until further use.
Twenty micrograms of protein from the nuclear and cytosolic extracts were separated by 10% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane. The blot was then probed with rabbit anti-RelB polyclonal antibody, followed by incubation with alkaline phosphatase-conjugated goat antirabbit secondary antibody. Bands were visualized by use of 5-bromo, 4-chloro, 3-indolylphosphate/nitroblue tetrazolium.
Statistical analysis. Student's t test was used for statistical analysis and was performed using the Web-based service available at http://www.physics.csbsju.edu/stats/t-test.html.
RESULTS
Efficient infection of human myeloid DCs by the amastigote form of L. donovani. Contradictory reports exist regarding
the in vitro infectivity of DCs by Leishmania parasites. Some studies have suggested that both the promastigote and amastigote forms efficiently infect DCs [13] [14] [15] [16] [17] [18] , whereas the infectivity of DCs by the promastigote form has been questioned by other investigators [19] . To study the interaction of L. donovani amastigotes and promastigotes with human myeloid DCs, we used a novel quenching technique that clearly discriminates surface-attached parasites from internalized parasites [26, 27] . Only metacyclic promastigotes purified from stationary-phase cultures were used, because these are the relevant forms that initiate infection in the human host. Amastigotes were freshly purified from the spleens of infected hamsters. Amastigotes and promastigotes were labeled with FITC and incubated with in vitro-generated immature human myeloid DCs (DC:parasite ratio of 1:10, for each form of the parasite). Eighteen hours after the addition of the amastigotes or promastigotes, cells were analyzed in a flow cytometer in the presence and absence of 0.1 mg/mL crystal violet. At this concentration, crystal violet quenches all membrane fluorescence without affecting intracellular fluorescence [26] , allowing distinction between the surface-attached parasites and the internalized parasites. The viability of promastigotes and amastigotes was not affected after FITC labeling (data not shown). It is physiologically relevant to use parasites that have been opsonized with normal human serum, because parasites inoculated by the sand fly will have been exposed to serum; therefore, the infection experiments were also performed with FITC-labeled amastigotes and metacyclic promastigotes that had been opsonized with normal human serum.
When DCs were incubated with unopsonized metacyclic L. donovani promastigotes, the percentage of fluorescence-positive cells was drastically reduced in the presence of crystal violet (the percentages of fluorescence-positive cells in the absence and presence of crystal violet were in the range of 67%-70% and 4%-6%, respectively; figure 1), indicating that unopsonized metacyclic L. donovani promastigotes are capable of surface attachment to the vast majority of DCs but that only a minority of them internalize the parasites. Opsonization with normal human serum enhanced the infectivity of the metacyclic L. donovani promastigotes only marginally (9%-11% internalization with opsonized promastigotes vs. 4%-6% with unopsonized promastigotes). Because 2 studies have reported that L. donovani promastigotes infect human myeloid DCs [16, 18] , we evaluated the viability of L. donovani promastigotes after FITC labeling and attempted to infect human myeloid DCs with an additional virulent strain of L. donovani. The viability of L. donovani promastigotes after FITC labeling, as determined by MTT assay, remained unaffected (data not shown). Metacyclic promastigotes of both strains of L. donovani tested could not be internalized by more than ∼10% of DCs even after opsonization of the promastigotes with normal human serum. In contrast to L. donovani promastigotes, both opsonized and unopsonized L. donovani amastigotes were efficiently internalized by most of the DCs (figure 1). The efficient infection of human myeloid DCs by L. donovani amastigotes, but not by L. donovani promastigotes, was further confirmed by Giemsa staining of the cocultures followed by microscopic examination (data not shown). Because 2 strains of L. donovani yielded similar infectivity, the rest of the experiments were performed with only one of the strains (AG83) and, for physiological relevance, with normal human serum-opsonized metacyclic promastigotes and amastigotes.
Induction of human myeloid DC maturation by L. donovani amastigotes. Others have reported that the promastigote and amastigote forms of different Leishmania species induce DC maturation [14] . Our analysis of surface antigen expression by flow cytometry indicated that L. donovani amastigotes, when cocultured with human myeloid DCs, up-regulated the expression of HLA-ABC, HLA-DR, CD40, CD54, CD80, CD83, CD86, CD11c, and CCR7 on the DC surface ( figure 2A) , an indication of DC maturation. However, coculture of human myeloid DCs with L. donovani promastigotes-which in our previous experiment led to the adherence of promastigotes to a majority of DCs, with a low rate of internalization (less than ∼10% of DCs had internalized promastigotes)-did not significantly affect the levels of expression of the markers studied. Of note, L. donovani amastigotes up-regulated the expression of CCR7 on the DC surface; that this occurred was further supported by the up-regulation of CCR7 mRNA (figure 2B). Nuclear translocation of the transcription factor RelB is a hallmark of DC maturation [30] . Nuclear translocation of RelB was strongly detectable in DCs cocultured with amastigotes but was barely detectable in DCs either left untreated or cocultured with promastigotes ( figure 2C ). These data indicate that L. donovani amastigotes, but not L. donovani promastigotes, induce human myeloid DC maturation.
Induction of DC1 differentiation by L. donovani amastigotes. In visceral leishmaniasis, development of Th1-predominant protective immunity is dependent on the production of IL-12 [31] . Thus, we quantitated the levels of cytokines released after coculture of DCs with metacyclic promastigotes and purified amastigotes. Relative to untreated DCs, amastigote-treated DCs released ∼2.5 fold more IL-12p70 ( ; experiments), P ! .05 n p 3 ∼2.0 fold more IL-6 ( ; ), and a significantly in-P ! .05 n p 3 creased amount of IL-1b ( ; ) into supernatants P ! .05 n p 3 ( figure 3A) . Incubation of DCs with promastigotes did not stimulate cytokine production. However, the levels of proinflammatory cytokines, including of IL-12p70, that were induced by amastigotes, although elevated above baseline, were still extremely weak. We therefore evaluated whether amastigote infection affects the DC response to combined treatment with IFN-g and anti-CD40 MAb and whether it primes DCs for a subsequent strong response to either IFN-g or anti-CD40 MAb alone. Our data indicate that amastigotes did not affect the DC response to the combined effect of IFN-g and anti-CD40 MAb but that they did prime DCs for a subsequent strong response to either IFN-g or anti-CD40 MAb alone ( figure 3A) . Conventional ELISAs were also performed on the supernatants for quantitation of the levels of 2 key cytokines, IL-12p70 and IL-10; the CBA assay and ELISA gave comparable results ( figure  3B ). Amastigote-induced up-regulation of IL-12p40 mRNA in DCs was also observed (figure 3C). DC-induced IL-12 production has been shown to be dependent on the species of Leishmania-the ability of L. major to prime human myeloid DCs for CD40L-induced IL-12 production has been demonstrated, whereas it has been found that L. donovani fail to prime DCs [16] . + T cell-associated IFN-g production after exposure to DCs was performed. The frequency of IFN-g-producing CD4 + T cells ranged from 1.4% to 2.7%, 0.4% to 0.8%, and 0.0% to 0.1% after coculture with amastigote-treated, promastigotetreated, and untreated autologous DCs, respectively (figure 5A). This assay was Leishmania specific, because untreated DCs did not induce significant IFN-g production in CD4
Induction of a Th1 response in naive CD4
+ T cells.
Induction of T-bet expression in autologous CD4
+ T cells by monocyte-derived DCs from patients with kala-azar that had been preincubated with L. donovani amastigotes. T-bet is a member of the T-box family of transcription factors and plays an essential role in Th1 cell differentiation by activating IFN-g [32] , whereas GATA-3 expression is essential for Th2 cell differentiation [33] . We therefore evaluated GATA-3 and Tbet expression in CD4 + T cells from patients with kala-azar after coculture with autologous untreated, promastigote-treated, and amastigote-treated DCs. Although expression of GATA-3 was virtually undetectable in all of these cultures, expression of Tbet was up-regulated in the CD4 + T cells from both patients after coculture with amastigote-treated DCs (figure 5B).
DISCUSSION
In an attempt to explain the contradictory reports in the literature regarding the in vitro infectivity of DCs by Leishmania parasites [13] [14] [15] [16] [17] [18] [19] , we used a novel quenching technique that clearly discriminates surface-attached parasites from internalized parasites. In this technique, FITC-labeled parasites are incubated with human myeloid DCs, after which fluorescence is analyzed in a flow cytometer in both the presence and the absence of crystal violet. Crystal violet quenches all of the membrane fluorescence without affecting intracellular fluorescence, allowing clear distinction between surface-attached parasites and internalized parasites [26] . Using this quenching technique, we have demonstrated that L. donovani amastigotes are internalized by human myeloid DCs more efficiently than are L. donovani promastigotes. Opsonization of promastigotes with normal human serum did not drastically increase their internalization by DCs. Our results are in agreement with those of previous studies showing a lower infectivity for L. major promastigotes [19, 34] . Two studies have reported that L. donovani promastigotes infect human myeloid DCs [16, 18] ; however, we report low levels of infection of DCs by L. donovani promastigotes. To validate our finding, 2 virulent strains of L. donovani were used, and similar results were obtained.
In agreement with the findings of previous studies [14, 19] , infection with L. donovani amastigotes induced DC maturation. However, in contrast to the findings of a recent study [35] , in which CCR7 down-regulation on the DC surface was observed during L. donovani infection in mouse model, we detected appreciable up-regulation of this molecule on human myeloid DCs, at the level of both mRNA and protein, after infection with L. donovani amastigotes. Our results are in agreement with those of a study in which infection with L. major up-regulated CCR7 mRNA expression in DCs [36] .
Interestingly, we found that infection with L. donovani amastigotes activated human myeloid DCs for expression of a DC1 cytokine profile and primed them for a subsequent strong response to either IFN-g or anti-CD40. Our results contrast with those of earlier studies in which L. donovani did not induce IL-12 production by DCs [16, 18] but are in agreement with those of other studies in which DCs, but not macrophages, were shown to produce IL-12 immediately after L. donovani infection [12, 15] .
IL-12 plays an important role in the development of protective Th1-predominant immunity during visceral leishmaniasis [31] . Our results indicate that parasitized DCs are a likely source of IL-12 during human visceral leishmaniasis and demonstrate that L. donovani amastigotes directly stimulate IL-12 production by human myeloid DCs. We also demonstrate that L. donovani amastigotes prime human myeloid DCs for IL12p70 secretion and that these parasitized DCs can drive Th1 responses in naive allogeneic CD4 + T cells and in autologous CD4 + T cells from patients with kala-azar. Consistent with this last finding, up-regulation of T-bet, but not of GATA-3, was observed in CD4 + T cells from patients with kala-azar after coculture with autologous DCs that had been preincubated with L. donovani amastigotes. Our data strongly suggest that parasitized DCs may play an important role in mounting acquired immune responses to L. donovani infection in humans. This hypothesis is supported by the fact that many individuals who are infected with L. donovani do not develop the disease.
